H ypertrophic cardiomyopathy (HCM), a genetic disease caused by mutations in contractile sarcomeric proteins, 1 is diagnosed clinically by left ventricular hypertrophy (LVH) in the absence of increased external load. 1 However, LVH is absent in a significant number of mutation carriers because of the variable penetrance of the mutations [2] [3] [4] and the confounding effects of modifier genes, 5 sex, 6 and environmental factors. Overall, LVH is neither very sensitive nor very specific in HCM diagnosis. [2] [3] [4] Experimental data suggest that cardiac myocyte contractile function in HCM is reduced and that the hypertrophy is compensatory. [7] [8] [9] [10] These data, in conjunction with myocyte disarray, the characteristic hallmark of HCM, 1 led us to reason that tissue Doppler imaging (TDI) could identify contraction and relaxation abnormalities in HCM, irrespective of LVH. Similarly, we expected TDI to be more sensitive for the diagnosis of HCM than conventional echocardiography. Thus, we analyzed myocardial structure and function using M-mode, 2D, Doppler echocardiography and TDI in a transgenic rabbit model of human HCM, 11 which gave us the opportunity to assess cardiac phenotype without the confounding effects of genetic heterogeneity.
Methods
The Institutional Review Board of Baylor College of Medicine approved the study protocol.
␤-Myosin Heavy Chain Transgenic Rabbits
The methods of generating wild-type ␤-myosin heavy chainarginine 403 (␤-MyHC-R
403
) and mutant (MyHC-glutamic acid
]) transgenic rabbits and confirming the expression of the transgene proteins, as well as relevant histological studies, have been published previously. 11 A total of 24 nontransgenic, 14 ␤-MyHC-R
, and 24 ␤-MyHC-Q 403 rabbits were examined.
Echocardiographic Studies
Adult rabbits were anesthetized 11 and imaged randomly, without knowledge of the genotype. Two-dimensional and Doppler echocar-diography were performed with a Sequoia ultrasound system (Mountain View) equipped with a 7-MHz transducer and TDI capability. After acquiring parasternal and apical views, pulse-Doppler was used to record transmitral and pulmonary venous flow in the apical 4-chamber view. A 5-mm sample volume was placed at the levels of the mitral annulus and tips to record 10 to 15 cardiac cycles at each level. Pulmonary venous flow (10 to 15 cycles) was recorded from the right paraseptal vein with the guidance of color Doppler. Isovolumic relaxation time was obtained by placing the sample volume midway between the left ventricular (LV) outflow tract and the mitral valve tips. TDI was applied in the pulse-Doppler mode to allow for a spectral display of the mitral annulus velocities at its septal and lateral corners. Gains and filters were adjusted to acquire a clear tissue signal without background noise. Studies were recorded for playback and analysis.
Echocardiographic Analysis
A single observer blinded to the genotypes performed the analysis. Two-dimensional measurements included LV end-diastolic (EDD) and end-systolic (ESD) dimensions, aortic root size, left atrial anteroposterior diameter, and septal and posterior wall thickness. Fractional shortening was computed as follows: [(LVEDDϪLVESD)/LVEDD] ϫ100.
All Doppler values represent the average of 5 beats. Mitral inflow was analyzed for peak E and peak A velocities, E/A ratio, acceleration and deceleration times of E velocity, and isovolumic relaxation time. A wave duration was measured at the mitral annulus level. The peak, duration, and velocity-time integral of pulmonary venous flow velocities were also measured. The pulmonary venous flow systolic filling fraction was computed by dividing the systolic velocity-time integral by the total forward velocity-time integral. The difference between atrial reversal and transmitral A wave duration was calculated. Systolic, early diastolic, and late diastolic tissue Doppler (TD) velocities at both corners of the mitral annulus were measured. The early/late diastolic ratio and the dimensionless parameter E/early diastolic velocity were computed at both corners. The latter parameter is an index that corrects for the influence of LV relaxation on mitral peak E velocity and provides a good estimate of LV filling pressures in HCM. 12 
Statistical Analysis
Variables among the 3 groups were compared by ANOVA. The Bonferroni t test was used for pairwise multiple comparisons. Statistical significance was defined by PՅ0.05.
Results
All animals had M-mode, 2D, Doppler echocardiography and TDI studies that were satisfactory for analysis. There were 7 females in each group, and no significant difference existed in the mean age of the rabbits among the groups.
Reproducibility
Seven animals (3 nontransgenic, 2 ␤-MyHC-R 403 , and 2 ␤-MyHC-Q 403 ) were imaged at a later date. Interobserver and intraobserver differences were as follows: septal thickness, 0.15Ϯ0.1 and 0.12Ϯ0.1 mm; LV end-diastolic dimension, 3Ϯ0.8 and 2Ϯ0.8 mm; E velocity, 4Ϯ1.5 and 3Ϯ1 cm/s; isovolumetric relaxation time, 4Ϯ4 and 3Ϯ1 ms; TD systolic velocity, 0.4Ϯ0.1 and 0.3Ϯ0.1 cm/s; and early diastolic velocity, 0.32Ϯ0.1 and 0.26Ϯ0.1 cm/s, respectively.
2D Measurements
Consistent with our previous report, 11 mean septal and posterior wall thicknesses were significantly higher in the 
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␤-MyHC-Q 403 animals compared with ␤-MyHC-R 403 and nontransgenic animals. However, 9 of the 24 mutant transgenic rabbits (38%) had normal wall thicknesses. No significant differences existed in the mean age and the male/female ratio in those with and without LVH. LV and left atrial dimensions, fractional shortening, and aortic root size were not significantly different among the groups, with the exception of LV end-diastolic dimension, which was smaller in the ␤-MyHC-Q 403 rabbits compared with ␤-MyHC-R 403 and nontransgenic rabbits (Table) .
Mitral and Pulmonary Venous Flow
Heart rate, mitral and pulmonary venous velocities, and time intervals were not significantly different among the groups (Table) . However, the isovolumic relaxation time was slightly longer and the difference between atrial reversal and transmitral A wave duration (a measure of LV end-diastolic pressure) 12 was significantly increased in the mutant group.
TD Velocities
Systolic and early diastolic velocities at both corners of the mitral annulus were significantly lower in the ␤-MyHC-Q 403 rabbits (Figures 1 and 2 and the Table) . All 24 mutant transgenic animals, including the 9 with normal wall thicknesses, had reduced TD velocities. Systolic and early diastolic velocities were reduced in 9 of the 9 and in 8 of the 9 mutant transgenic rabbits without LVH, respectively (septal systolic velocity, 5.8Ϯ1.6 cm/s; septal diastolic velocity, 4.7Ϯ1.1 cm/s; lateral systolic velocity, 7.2Ϯ1.2 cm/s; and lateral diastolic velocity, 6.5Ϯ0.9 cm/s). Unlike the mitral E/A ratio, the early/late diastolic ratio was significantly lower in the mutant transgenic rabbits, and the E/early diastolic velocity ratio (at both corners of the mitral annulus) was significantly higher (Table) , suggesting an increase in LV filling pressure.
Accuracy of Doppler Parameters in Identifying Mutant Transgenic Rabbits
Conventional mitral and pulmonary venous flow indices did not distinguish between the groups, with the exception of the difference between atrial reversal and transmitral A wave duration (Ն10 ms), which identified the mutant transgenic rabbits with a 96% specificity and a 63% sensitivity. In contrast, TD velocities were highly accurate in identifying the mutant transgenic rabbits. A systolic velocity Ͻ8.5 cm/s at the lateral corner of the annulus had a sensitivity of 86% and a specificity of 100%. A lateral annular early diastolic velocity Ͻ8 cm/s had 96% sensitivity and 85% specificity, and an early/late diastolic ratio of Ͻ1.8 had a sensitivity of 88% and a specificity of 87%. Similarly, a systolic velocity Ͻ7 cm/s, an early diastolic velocity Ͻ7 cm/s, and an early/late diastolic velocity ratio Ͻ1.6 at the septal corner of the mitral annulus had high sensitivities (83%, 96%, and 81%, respectively) and specificities (87%, 91%, and 89%, respectively). 
Discussion
These results show that myocardial contraction and relaxation are consistently reduced in the mutant ␤-MyHC-Q 403 transgenic rabbit model of human HCM, including those without LVH or mitral inflow abnormalities. In the absence of LVH, TDI detects mutant rabbits on the basis of myocardial dysfunction, and it is more sensitive than conventional echocardiography.
Echocardiography is currently used to screen for HCM based on the presence of LVH, [2] [3] [4] [5] [6] which is absent in a significant number of mutation carriers. [2] [3] [4] Similarly, onethird of the mutant transgenic rabbits (9 of 24) had no delectable LVH. However, TDI was reduced in all mutant transgenic rabbits, irrespective of the presence or absence of LVH. Although the clinical significance of reduced TD velocities remains to be established, these findings suggest TDI could diagnose HCM at a stage before and independent of LVH. Early and accurate phenotypic diagnosis of mutation carriers by TDI could provide an opportunity to prevent or modify the clinical manifestations of HCM and would complement genetic testing, which is complicated by allelic and nonallelic heterogeneity. We caution that a number of factors, such as blood pressure and ventricular volumes, could potentially affect systolic and early diastolic velocities and limit the utility of TDI in the diagnosis of HCM in human patients without LVH. Nevertheless, TDI could be useful in identifying mutation carriers in HCM families without concomitant diseases. The prognostic significance and pathological correlates of reduced TD velocities are unknown. The ␤-MyHC-Q 403 mutation, expressed in transgenic rabbits, is associated with a high incidence of sudden cardiac death, 3 myocyte and myofibrillar disarray, and increased interstitial collagen. 11 Whether reduced TD velocities carry prognostic significance and whether they are reflective of early histological changes in the myocardium or impaired myocyte mechanical function, as shown during in vitro studies, [7] [8] [9] remains to be established.
Reduced systolic velocities in the ␤-MyHC-Q 403 transgenic rabbits supports the hypothesis that myocardial contractility in HCM is reduced. 10 All 9 mutant rabbits without LVH had reduced systolic velocities. Many factors, including genetic and biological variances, can modulate the hypertrophic response, which could explain the absence of LVH, despite a reduction of TD velocities. Subsequent evolution of LVH in these rabbits will support the notion that LVH is compensatory. Overall, no significant differences existed in TD velocities between mutant rabbits with and without LVH. A few mutant rabbits with LVH had normal Sa or Ea velocities. An increased wall thickness led to reduced midsystolic wall stress (afterload), which favorably affected systolic velocities in a few rabbits with LVH. Likewise, a smaller end-systolic volume led to a higher diastolic suction force and an apparently preserved early diastolic velocity. Our findings are also in accord with the results of previous studies in HCM patients showing impaired LV diastolic function. 13 However, the previous studies were performed in patients with classic HCM who had cardiac hypertrophy and, thus, they cannot address the potential application of TDI in the diagnosis of HCM or assessment of LV function in the absence of LVH. In addition, these previous studies were subject to the confounding effects of genetic and phenotypic heterogeneity.
In summary, myocardial systolic and diastolic function were reduced in the mutant ␤-MyHC transgenic rabbit model of human HCM. TDI accurately identified the mutant transgenic rabbits, even in the absence of LVH, and thus, it was more sensitive than conventional echocardiography. These findings, if confirmed in humans, not only provide insight into the pathogenesis of HCM, but also would establish a new and highly accurate technique of screening for HCM. 
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